The yeast cytosol contains multiple homologs of the DnaK and DnaJ chaperone family. Our current understanding of which homologs functionally interact is incomplete. Zuotin is a DnaJ homolog bound to the yeast ribosome. We have now identified the DnaK homolog Ssz1p͞Pdr13p as zuotin's partner chaperone. Zuotin and Ssz1p form a ribosome-associated complex (RAC) that is bound to the ribosome via the zuotin subunit. RAC is unique among the eukaryotic DnaK-DnaJ systems, as the 1:1 complex is stable, even in the presence of ATP or ADP. In vitro, RAC stimulates the translocation of a ribosome-bound mitochondrial precursor protein into mitochondria, providing evidence for its chaperonelike effect on nascent chains. In agreement with the existence of a functional complex, deletion of each RAC subunit resulted in a similar phenotype in vivo. However, overexpression of zuotin partly rescued the growth defect of the ⌬ssz1 strain, whereas overexpression of Ssz1p did not affect the ⌬zuo1 strain, suggesting a pivotal function for the DnaJ homolog. P roteins synthesized on cytosolic ribosomes either fold or translocate to their final location cotranslationally or posttranslationally. Translocation and folding require chaperonelike proteins that often serve multiple and overlapping functions. The complex chaperone network in the eukaryotic cell is currently only poorly understood (1-3).
P
roteins synthesized on cytosolic ribosomes either fold or translocate to their final location cotranslationally or posttranslationally. Translocation and folding require chaperonelike proteins that often serve multiple and overlapping functions. The complex chaperone network in the eukaryotic cell is currently only poorly understood (1) (2) (3) .
Most posttranslational translocation events require the translocating proteins to be unfolded. This requirement is at least partly ensured by binding of cytosolic chaperones to newly translated proteins. The yeast DnaK͞Hsp70 homolog Ssa1͞2p and its partner protein, the DnaJ homolog Ydj1p, are involved in protein translocation into a variety of compartments (4) . Besides their role in translocation, Ssa1͞2p and Ydj1p are involved in cytosolic protein folding, most likely in a posttranslational manner (5) (6) (7) . Other chaperones assisting posttranslational folding in the eukaryotic cytosol are the chaperonin CCT and Hsp90 (2, 8, 9) .
Some chaperones interact cotranslationally with polypeptides. In both eukaryotes and prokaryotes, soluble DnaK and DnaJ homologs bind to nascent chains and subsequently assist their folding (2, 10, 11) . The ribosome-bound DnaK homolog Ssb1͞2p can be crosslinked to nascent chains, providing evidence for a functionally important interaction (12) .
There is long-standing circumstantial evidence of cotranslational import into mitochondria (13) . More recent data suggest that some precursor proteins even require a cotranslational mechanism to be imported into mitochondria (14) (15) (16) . However, no specialized component of a mitochondrial cotranslational translocation system, comparable to a signal recognition particle or signal recognition particle receptor, has been identified (17) .
In a previous study we introduced an in vitro mitochondrial protein import assay for the identification of cytosolic components involved in either cotranslational translocation or interacting with nascent precursor proteins in a chaperone-like manner. The assay, based on the translocation of ribosomebound nascent chains into mitochondria, led to the identification of nascent polypeptide-associated complex (NAC) as a factor stimulating mitochondrial protein import in vitro (18) . NAC has also been found to affect the delivery of artificial precursor proteins to mitochondria in vivo (19) and is involved in import into the endoplasmic reticulum (20, 21) . However, deletion of the genes encoding NAC in yeast does not significantly affect growth, suggesting functional redundancy (19, 22) . To identify factors that can functionally replace NAC we made use of a yeast strain carrying disruptions in EGD1 and EGD2 encoding the two NAC subunits (⌬NAC). From this strain we have now purified a ribosome-associated complex (termed RAC) that stimulates translocation into mitochondria in vitro. The complex is a heterodimer composed of the DnaJ homolog zuotin and the DnaK homolog Ssz1p͞Pdr13p, with an essentially quantitative engagement of both chaperones in complex formation. The individual subunits have previously been described by others; however, their stable interaction had not been detected (23) (24) (25) (26) . Our in vivo data indicate that the two subunits of RAC have overlapping but nonidentical functions and serve multiple roles in the cell.
Materials and Methods
Yeast Strains and Plasmids. Standard yeast genetic techniques were used (27) . MH272-3f a͞␣ (ura3͞ura3, leu2͞leu2, his3͞his3, trp1͞ trp1, ade2͞ade2), the parental wild-type strain of all derivatives in this study, is the ade Ϫ variant of JK9-3d a͞␣ (19, 28) . YRG16 MATa (ura3, leu2, his3, trp1, ade2, egd2::ADE2, egd1::URA3), lacking the ␣NAC (EGD2) and ␤NAC (EGD1) subunits, was used for the purification of RAC. YRG16 is derived from YRLG3 (ura3, leu2, his3, trp1, ade2, egd2::ADE2) (19) by deletion of the EGD1 gene (R. George and T.L., unpublished observations). IDA1 (MATa, ura3, leu2, his3, trp1, ade2, zuo1::TRP1) and IDA2 (MATa, ura3, leu2, his3, trp1, ade2, ssz1::LEU2, and IDA12 (MAT␣, ura3, leu2, his3, trp1, ade2, zuo1::TRP1 ssz1::LEU2) were generated by disruption of the respective genes in the diploid strain MH272-3f a͞␣ followed by tetrad analysis. ZUO1 (YRG285C) was disrupted by replacing the 1.2-kb PinAI͞PshAI fragment of the coding region with TRP1. SSZ1 (YHR064C) was disrupted by replacing the 1.2-kb BglII͞HindIII fragment of the coding region with LEU2. For overexpression in yeast, SSZ1 was cloned into pRS423 (2, HIS3) (29) and ZUO1 was cloned into YEplac195 (2, URA3) (30) , resulting in the plasmids 2-ZUO1 and 2-SSZ1, respectively. The plasmids were transformed into IDA12, resulting in the strains IDA12-2-SSZ1 (MAT␣, ura3, leu2, his3, trp1, ade2,  zuo1::TRP1 ssz1::LEU2, 2-SSZ1) and IDA12-2-ZUO1  (MAT␣, ura3, leu2, his3, trp1, ade2, zuo1::TRP1 ssz1::LEU2,  2-ZUO1), and into MH272-3f␣, resulting in wt-2-SSZ1  (MAT␣, ura3, leu2, his3, trp1, ade2, 2-SSZ1) and wt-2-ZUO1  (MAT␣, ura3 , leu2, his3, trp1, ade2, 2-ZUO1).
Purification of RAC. Cytosol prepared as described (18) from a 10-liter culture of YRG16 was layered on top of 1 vol of buffer S1 (25% sucrose͞20 mM Hepes⅐KOH, pH 7.4͞120 mM Kacetate, pH 7.4͞5 mM MgAcetate͞2 mM DTT͞0.5 mM PMSF) and centrifuged for 2.5 h at 160,000 ϫ g. After the ribosomal pellet was suspended in buffer S1 containing 0.72 M Kacetate, the suspension was centrifuged for 1 h at 200,000 ϫ g. The ribosome-free supernatant, termed ribosomal salt-wash, was diluted with 6 vol of buffer S1 lacking sucrose, Kacetate, and DTT and loaded onto a ResourceQ anion-exchange column (Amersham Pharmacia). Bound proteins were eluted with a 100 -800 mM 30-ml linear Kacetate gradient in 40 mM Hepes⅐KOH, pH 7.4. RAC eluted at a concentration of 500-600 mM Kacetate. RAC-containing fractions were pooled, concentrated in Centricon-30 devices (Sartorius) to a final volume of 2 ml, and loaded onto a Hi-Load 16͞60 Supedex200 prep grade gel filtration column (Amersham Pharmacia) preequilibrated with 40 mM Hepes⅐KOH, 300 mM Kacetate, pH 7.4. RAC-containing fractions were collected and applied to a MonoQ anionexchange column (Amersham Pharmacia). Bound proteins were eluted with a 300-1,200 mM 25 ml linear Kacetate gradient in 40 mM Hepes⅐KOH (pH 7.4). RAC eluted at 800-900 mM Kacetate. RAC-containing fractions were pooled, washed with 20 mM Hepes⅐KOH, 120 mM Kacetate, and 5 mM Mgacetate (pH 7.4) with the use of Centricon-30 devices, concentrated, frozen in liquid nitrogen, and stored at Ϫ80°C. Yield from a 10-liter culture was Ϸ0.3 mg RAC.
Generation of Antibodies. Antibodies were generated against purified ␣NAC, ␤NAC, Ssz1p, zuotin, and Rpl16a. Immunization of rabbits was performed by Eurogentec (Brussels). Each of the antibodies recognizes a specific band in total yeast extracts (see Figs. 4 and 5 and data not shown). In particular, ␣Ssz1p did not recognize zuotin and vice versa.
In Vitro Translation, Preparation of Ribosome-Nascent Chain Complexes (RNCs), and Translocation Assays. Yeast translation extract was prepared as described (31) from either JK9-3d␣ (28) or YRG16. Translation of yeast mitochondrial malate dehydrogenase (Mdh1p) was performed as described (18) . Mitochondria were isolated from JK9-3d␣ grown on lactate-based medium and purified as described (32) . Translocation reactions contained 0.8 mg͞ml mitochondria in import buffer (20 mM Hepes⅐KOH, pH 7.4͞120 mM Kacetate, pH 7.4͞5 mM Mgacetate͞0.6 M sorbitol͞0.05 units/l RNase inhibitor͞2 mM DTT͞2 mM ATP͞2 mM NADH͞2 mM KP i ). Mitochondria were premixed with import buffer, and the reaction was started by the addition of 12.5% (vol͞vol) of RNCs at 20°C. Volumes of the assay varied from 100 to 500 l. After 12 min 100-l samples were withdrawn, and mitochondria were reisolated by centrifugation. The supernatants obtained after reisolation of the mitochondria contained the fraction of RNCs that had not bound to the mitochondria (data not shown). When the membrane potential was destroyed by the addition of 1 g͞ml valinomycin in control reactions, translocation was abolished (data not shown). Translocation efficiency varied by a factor of 2, depending on the RNC preparation. However, the relative translocation efficiency within the experiments was highly reproducible.
Immunoprecipitation Assay. Immunoprecipitations were performed with protein A-Sepharose beads (CL-4B; Amersham Pharmacia) coated with IgGs against Ssz1p or zuotin or with preimmune IgGs as described (33) in 20 mM Hepes-KOH, 240 mM Kacetate, 5 mM Mgacetate, 200 mM sucrose, 1 mM EDTA, 1 mM PMSF, 0.1% Triton X-100, pH 7.4.
Ribosome Binding Assay. In a typical experiment 60 l yeast cytosol was diluted by 1:2 with either low-salt dilution buffer (20 mM Hepes⅐KOH͞120 mM Kacetate͞2 mM DTT͞5 mM Mgacetate͞1 mM PMSF, pH 7.4) or high-salt dilution buffer (20 mM Hepes⅐KOH͞1.4 M Kacetate͞2 mM DTT͞5 mM Mgacetate͞1 mM PMSF, pH 7.4). After removal of an aliquot (total), 40 l of the samples was layered on top of a 100-l low-salt sucrose cushion (20 mM Hepes⅐KOH͞25% sucrose͞120 mM Kacetate͞2 mM DTT͞5 mM Mgacetate͞1 mM PMSF, pH 7.4) or a 100-l high-salt sucrose cushion (20 mM Hepes⅐KOH, 7.4͞25% sucrose͞700 mM Kacetate͞2 mM DTT͞5 mM Mgacetate͞1 mM PMSF, pH 7.4). After centrifugation at 200,000 ϫ g in a RC M120 GX ultracentrifuge (Sorvall) for 180 min at 4°C, samples were split into supernatant and pellet, and corresponding amounts were analyzed by SDS͞PAGE, followed by immunoblotting. 
Results
Identification of a RAC. When energized mitochondria are incubated with the precursor of mitochondrial malate dehydrogenase (Mdh1p) attached to the ribosome as a nascent chain, the N terminus of the precursor reaches the matrix and its presequence is cleaved off. However, because Mdh1p cannot leave the RNC, translocation is not completed and a two-membrane-spanning intermediate is generated. Translocation of nascent Mdh1p depends on ribosome-associated proteins that can be removed by treatment with high concentrations of salt. The major translocation-stimulating factor bound to wild-type RNCs is NAC (18) . When compared with RNCs prepared from wild-type yeast, the translocation efficiency of ⌬NAC RNCs was reduced; however, translocation efficiency could be further reduced by high-salt treatment (data not shown).
We have used the translocation assay as a functional test to purify the ribosome-associated stimulating factor from the ⌬NAC strain. As judged by Coomassie staining, two proteins with apparent molecular masses of 60 kDa and 55 kDa, respectively, made up more than 90% of the active preparation (Fig.  1A) . The band of higher molecular mass was identified as the DnaK homolog Pdr13p (24) (termed Ssz1p in this study), and the band of lower molecular mass was identified as the DnaJ homolog zuotin (23, 25, 36) . The ratio between Ssz1p and zuotin was constant during purification, suggesting that the two proteins formed a ribosome-associated complex. RAC was free of the ribosome-bound DnaK homologs Ssb1͞2p (Fig. 1B) .
RAC stimulated translocation of high-salt-washed RNCs into mitochondria in a concentration-dependent manner ( Fig. 2A) . The concentration of ribosomes in a standard translocation assay was Ϸ100 nM, as determined by quantitative immunoblotting with the purified ribosomal protein Rpl16a as a standard. Although this estimate might vary by a factor of 2-5, it suggests that stimulation by RAC reaches a plateau when the ratio of RAC to ribosomes is Ϸ1:1 ( Fig. 2 A and data not shown) .
A comparison of RAC and NAC revealed that the two proteins effectively stimulated translocation of high-salt-washed RNCs at similar concentrations ( Fig. 2B and data not shown) . In the experiment shown in Fig. 2B , translocation efficiency in the presence of either RAC or NAC alone was about 20%. Increasing the concentration of RAC or NAC, respectively, did not further increase translocation efficiency (data not shown). However, when the two complexes were combined, translocation efficiency increased to 38%, suggesting that the two complexes did not compete in binding to the nascent chain but rather acted synergistically (Fig. 2B) .
The Complex of Ssz1p and Zuotin Is a Stable Heterodimer. IgGs specific for either Ssz1p or zuotin immunoprecipitated RAC efficiently from the protein mixture released by salt wash from ribosomes. Coimmunoprecipitation of the two subunits was unaffected by the addition of 2 mM ATP or ADP (Fig. 3A) . Stability of the complex in the presence of adenine nucleotides strongly suggests that zuotin does not bind to Ssz1p in a substrate-like manner. The DnaK homologs Ssa1͞2p and Ssb1͞2p contained in the ribosomal salt wash remained unbound to IgGs directed against Ssz1p or zuotin, respectively (Fig. 3A) . The small fraction of Ssa1͞2p recovered in the pellet was also detected in the preimmune control, suggesting that Ssa1͞2p was unspecifically bound to the beads (Fig. 3A, PI) .
The stoichiometry between Ssz1p and zuotin in the complex was determined by analytical ultracentrifugation. The predicted molecular masses of zuotin and Ssz1p are 49 kDa and 62 kDa, respectively. At equilibrium, RAC behaved like a uniform population of particles with a molecular mass of 126,000 Da (Fig.  3B) . No higher oligomers or aggregates were detected in sedimentation velocity experiments (data not shown). The results were independent of the concentration the range of 0.7 to 1.8 M RAC and are consistent with the presence of a stable heterodimeric complex. . RNCs were isolated under high-salt conditions, with factors stimulating translocation removed, and subsequently incubated with isolated mitochondria. After the reaction mitochondria were reisolated, equal aliquots of mitochondrial pellets, containing mitochondria-bound RNCs, were resuspended, precipitated with trichloroacetic acid, and analyzed by SDS͞PAGE, followed by fluorography. STD 10%, 10% of the RNCs added per assay. p, Mdh1p precursor; m, mature Mdh1p. (A) Purified RAC stimulates translocation in a dose-dependent manner. High-salt-washed ⌬NAC-RNCs were preincubated in the absence (Ϫ) or in the presence of purified RAC. The concentration of RAC is given as the final concentration in the assay. Translocation efficiency is given as the percentage of the total amount of RNCs added to the assay (Lower). (B) RAC and NAC synergistically stimulate translocation. The translocation assay was performed as in A, except that high-salt-washed RNCs were preincubated in the absence (Ϫ) or in the presence of purified RAC (RAC), a combination of RAC and NAC (RAC ϩ NAC), or NAC (NAC). The final concentrations in the translocation assay were 100 nM for RAC and 40 nM for NAC, respectively. and a ribosomal pellet in the presence of low or high concentrations of salt. Independently of the salt concentration the core ribosomal protein Rpl16a was recovered in the pellet, and hexokinase, a cytosolic marker, was recovered in the supernatant. The distribution of Ssa1͞2p, Ssb1͞2p, and NAC under highand low-salt conditions was in agreement with published data (12, 19, 22, 37) (Fig. 4A) . RAC was almost exclusively recovered in the ribosomal pellet at low concentrations of salt. At high concentrations of salt, RAC was released from the ribosomes and recovered in the supernatant (Fig. 4) . Release was reversible: when high-salt-washed ribosomes were incubated with purified RAC at low salt concentrations and the ribosomes were subsequently reisolated, RAC was recovered in the ribosomal pellet (Fig. 4B) . In a control reaction, RAC was recovered in the supernatant in the absence of ribosomes. We conclude that the bulk of RAC is bound to ribosomes and can efficiently rebind to high-salt-washed ribosomes.
Cytosol containing either Ssz1p or zuotin, but not the other subunit, was prepared from yeast strains lacking either Ssz1p or zuotin. In the absence of Ssz1p the major fraction of zuotin was recovered in the ribosomal pellet, and high-salt treatment caused its release to the supernatant (Fig. 4C, IDA12-2-ZUO1 ). In the absence of zuotin, however, Ssz1p was recovered in the postribosomal supernatant even under low-salt conditions (Fig. 4C,   IDA12-2-SSZ1 ). The combination of data indicates that stable binding of Ssz1p to ribosomes requires its partner protein zuotin.
Deletion of Either Ssz1p or Zuotin Results in Similar but Nonidentical
Phenotypes. We have generated the single deletions of either ZUO1 (IDA1) or SSZ1 (IDA2), the double deletion of ZUO1 and SSZ1 (IDA12), and strains overexpressing either the individual or both subunits. Immunoblotting confirmed the predicted levels of Ssz1p and zuotin in the different strains; the level of zuotin in IDA2 was significantly reduced when compared with wild type, suggesting that zuotin is destabilized in the absence of Ssz1p (Fig. 5A and data not shown) . (For a characterization of the single deletion strains also compare refs. 23 and 24.) IDA1, IDA2, and IDA12 displayed slow growth (compare growth after 2 days and 3 days, respectively), cold sensitivity, and hypersensitivity to the protein synthesis inhibitor paromomycin (Fig. 5B ). This combination of growth defects has been connected with ribosome-bound factors thought to aid the passage of nascent chains through the ribosome channel into the cytosol (23, 38) .
The phenotypic similarity of IDA1, IDA2, and IDA12 is in agreement with a single functional complex formed by Ssz1p and zuotin. However, overexpression of zuotin partly rescued slow growth, cold sensitivity, and paromomycin hypersensitivity of The major fraction of RAC is bound to ribosomes in a salt-sensitive manner. Translation-competent cytosol (C) was separated into a postribosomal supernatant (S) and a ribosomal pellet (P) in the presence of either 120 mM Kacetate (low salt) or 700 mM Kacetate (high salt). (B) RAC is reversibly released by high concentrations of salt. After release of endogenous RAC from the ribosome (high-salt P), the ribosomal pellet was resuspended under low-salt conditions, and purified RAC was added to a final concentration of 150 nM (high-salt P ϩ RAC). After incubation for 5 min on ice the ribosomes (P2) were separated from the supernatant (S2) for a second time. As a control, RAC was treated the same, but in the absence of ribosomes (RAC). (C) Binding of RAC to ribosomes requires zuotin. Cytosol of MH272-3f (wild type), IDA12-2-SSZ1, and IDA12-2-ZUO1 were separated into postribosomal supernatant and ribosomal pellet in the presence of 120 mM Kacetate (low salt) or 700 mM Kacetate (high salt). Note that both Ssz1p and zuotin partly degrade during extract preparation in the absence of their partner protein. (A-C) Corresponding amounts of cytosol, supernatant, and ribosomal pellet were separated by SDS͞PAGE and analyzed by immunodecoration, with the use of antibodies specifically recognizing Ssz1p, zuotin, Rpl16a, hexokinase (hexo), Ssa1͞2p, Ssb1͞2p, and ␣NAC.
IDA12, whereas overexpression of Ssz1p did not (Fig. 5B) . The data suggest that deletion of ZUO1 has a more severe effect on the biogenesis of newly synthesized proteins than deletion of SSZ1 and that ZUO1 is a multicopy suppressor of ⌬ssz1 (compare also the Discussion).
Discussion
Physical Interaction Between Ssz1p and Zuotin. Zuotin was previously found to be a ribosome-associated protein (23) , and binding of a fraction of Ssz1p to the ribosome has been suggested recently (26, 39) . Here we show by a variety of methods that virtually all Ssz1p and zuotin contained in the yeast cytosol forms a stable, ribosome-associated complex that is a heterodimer in solution.
It is well established that DnaK and DnaJ homologs interact with each other (40, 41) . However, the functionally important interaction between the N-terminal ATPase domain of DnaK and the conserved J-domain is highly transient. Recent findings suggest that previously reported stable interaction between DnaJ and DnaK is probably due to substrate-like binding of DnaJ to DnaK (42) (43) (44) . The stable complex between Ssz1p and zuotin is thus unusual, but not without precedence. Thermus thermophilus DnaK and DnaJ form a stable 3:3 complex that contains an additional three subunits of the 8-kDa protein Daf (45) .
We can only speculate about which domains mediate the stable interaction between Ssz1p and zuotin. The transient interaction of the ATPase domains of DnaK homologs with J-domains might be stable in this particular case. Such stability, however, would imply significant mechanistic differences between RAC and other DnaK-DnaJ partners (40) . We regard this possibility as unlikely and favor a model in which Ssz1p and zuotin stably interact via yet uncharacterized domains, facilitating the transient functional interaction of the Ssz1p ATPase and the zuotin J-domain in the presence of substrate protein. In this context a deletion mutant of zuotin is of interest. In this mutant the very N terminus, up to the J-domain, results in a nonfunctional protein that is still able to bind to the ribosome (23) . This N-terminal segment, which bears no homology to any other known J-protein, is a good candidate domain for binding to Ssz1p.
Two Ribosome-Bound DnaK Systems Are Involved in Cytosolic Translation. A function of RAC in translation is suggested by the finding that yeast strains lacking functional RAC are hypersensitive to nonsense-suppression-inducing aminoglycosides like paromomycin and G418 (Fig. 5B and data not shown) . The very same phenotype has previously been reported for the ribosomebound DnaK homolog Ssb1͞2p, which is implicated in translation (23, 38) . Although the DnaK homologs Ssb1͞2p and Ssz1p function during the early stages of protein biogenesis, they differ in a number of mechanistically important properties: Ssz1p is a subunit of a heterodimeric complex, whereas Ssb1͞2p is not. RAC (Ssz1p and zuotin) binds to ribosomes almost quantitatively, whereas only a fraction of Ssb1͞2p copurifies with ribosomes. The stoichiometry between Ssz1p and ribosomes is Ϸ1:1 (data not shown), whereas the steady-state level of Ssb1͞2p is 2-to 4-fold higher than that of ribosomes. Ssz1p binds to ribosomes independently of a nascent chain, whereas Ssb1͞2p binds more stably to translating ribosomes. Finally, Ssz1p is bound to the ribosome only in the presence of zuotin, whereas Ssb1͞2p binds to the ribosome directly (compare the Results section of this study and refs. 12, 25, and 38). It will be most interesting to learn whether the two ribosome-bound DnaK systems have overlapping functions, act sequentially on nascent chains, or differ in their substrate specificity. Although the phenotypes of the IDA1, IDA2, and IDA12 strains are similar, their differences have implications for the function of zuotin and Ssz1p: (i) zuotin is a multicopy suppressor of ⌬ssz1, whereas overexpression of SSZ1 does not rescue the ⌬zuo1 phenotype; (ii) the steady-state level of zuotin is significantly reduced in the ⌬ssz1 strain, suggesting that zuotin is destabilized in the absence of its partner protein. Two different models might account for this combination of results. In the first model the observed phenotype is primarily caused by a lack of zuotin. ⌬ssz1 results in the same phenotype because, as a consequence, the steady-state level of zuotin is decreased. According to this model zuotin might be functional without its partner protein. This hypothesis is in line with results suggesting that DnaJ homologs do not merely function as cochaperones of DnaK but also interact with substrate proteins by themselves (10, (46) (47) (48) (49) (50) . In the second model the function of Ssz1p can be partially replaced by one (or more) DnaK homologs, whereas zuotin's function is nonredundant. In the absence of Ssz1p, overexpression of zuotin would lead to an increased level of the protein and as a consequence permit the binding of a yet unidentified DnaK homolog to the ribosome. In this model zuotin serves a dual function in recruiting its partner to the ribosome and priming it for the interaction with its natural substrates (40, 44) . ? We have initially identified RAC in an attempt to find cytosolic components stimulating protein translocation into mitochondria. RAC Deletions in SSZ1 and ZUO1 display a similar but nonidentical phenotype. Yeast strains IDA1 (⌬zuo), IDA2 (⌬ssz1), IDA12 (⌬zuo1⌬ssz1), wild type (MH272-3f␣), wt-2-SSZ1 (MH272-3f␣ overexpressing SSZ1), wt-2-ZUO1 (MH272-3f␣ overexpressing ZUO1), IDA12-2-SSZ1 (IDA12 overexpressing SSZ1), and IDA12-2-ZUO1 (IDA12 overexpressing ZUO1) were grown to early log phase at 30°C on minimal glucose medium. (A) Equal amounts of total yeast protein were separated on SDS͞PAGE followed by immunodecoration with antibodies directed against Ssz1p, zuotin, and, as a control for loading of equal amounts, malate dehydrogenase (mMDH). (B) Serial 5-fold dilutions of early log-phase cultures. Dilutions containing the same number of cells were spotted from top to bottom onto rich glucose-containing medium (YPD, yeast extract͞peptone͞dextrose). The time and temperature of incubation are given. RT, room temperature; d, days; paro, 75 g͞ml paromomycin.
Does RAC Also Function in Targeting to the Mitochondria
shares the ability to stimulate mitochondrial protein translocation with NAC (18) . Although our in vitro data suggest that RAC and NAC are involved in cotranslational protein translocation into mitochondria, the respective knockout strains did not display typical mitochondrion-specific defects: (i) In the absence of RAC yeast did not lose the ability to respire (data not shown); furthermore, we were unable to detect accumulated mitochondrial precursor proteins in the cytosol at steady state (data not shown). (ii) The quadruple deletion strain ⌬egd1͞⌬egd2͞⌬ssz1͞ ⌬zuo1, lacking both NAC and RAC-, displayed a phenotype no more severe than that of the ⌬ssz1͞⌬zuo1 double deletion strain. (iii) The steady-state level of RAC was not increased in the ⌬NAC strain (data not shown). The in vitro translocation assay might thus not specifically identify components involved in cotranslational translocation into mitochondria. However, the combination of data is still compatible with a function of RAC in mitochondrial translocation. Factors involved in cotranslational protein translocation into mitochondria might be highly redundant, such that even in the absence of NAC and RAC, functional replacement is possible. In this context it is interesting that the salt wash of ⌬NAC ribosomes contained at least one additional factor besides RAC-stimulating translocation of highsalt-washed RNCs (data not shown). Alternatively, mitochondrial precursor proteins translocated via a cotranslational route might switch to posttranslational translocation in the absence of RAC and͞or NAC. A comparable situation exists for translocation into the yeast endoplasmic reticulum. Yeast lacking functional signal recognition particles is viable; protein translocation into the endoplasmic reticulum under these conditions must occur posttranslationally (51) .
Whether RAC, NAC, and potential other cytosolic proteins are involved in cotranslational translocation into mitochondria has yet to be determined. Regardless of the outcome, the translocation assay used in this study represents a useful and reliable tool for the identification of ribosome-bound proteins affecting nascent chains in a chaperone-like manner.
